The objectives of this study were to evaluate the allel- grass (Alopecurus myosuroides Huds.), and wheat (Triticum aestivum L.)-was investigated.
grass (Alopecurus myosuroides Huds.), and wheat (Triticum aestivum L.)-was investigated.
S pecies of the Brassica family are often used as cover MATERIALS AND METHODS or green manure crops (de Almeida, 1985; Brown Plant and Soil Material and Morra, 1995; Boydston and Hang, 1995; Al-Khatib Winter turnip-rape [Brassica rapa (L.) var. rapa ssp. oleifera et al., 1997; Krishnan et al., 1998) . Superficial incorpora-(DC.) Metzg. cv. Perko] was planted (10 kg ha Ϫ1 ) 20 Aug. tion (upper soil surface, 0-10 cm) of green mulch of 1997 at Hohenheim University, Stuttgart, Germany. The soil these species caused a temporary weed suppression, type was a loam (pH 6.7) with an organic matter content of which is probably due to secondary plant metabolites 1.8%. The average plant density in April 1998 was 66 plants (Al-Khatib et al., 1997) . Brassica spp. contain high m Ϫ2 . On 24 Apr. 1998 the shoots of the plants were cut off amounts of glucosinolates (Fenwick et al., 1983) . Al-(2-4 cm above soil level) and 1 wk later, the turnip-rape mulch though the biological activity of these secondary plant was incorporated 10 cm deep into the soil with a rotary tiller.
metabolites is very low (Fenwick et al., 1983) , they play Plant and soil material for chemical analysis and germination a key role for weed suppression as they can be converted tests were taken from this field (fresh plant samples 23 Apr.
to the corresponding isothiocyanates (ITC) by the plant 1998 and soil samples 7, 15, and 28 d after mulch incorporation) and stored at Ϫ20ЊC until analysis.
enzyme myrosinase. Besides ITCs, also other breakdown products of glucosinolates (nitriles, thiocyanates, and oxazolidinethiones) can occur, depending on variGermination Tests ous factors [e.g., pH, Fe(II) concentration, side chainGermination tests were performed in glass petri dishes substitution, and plant species] (Bones and Rossiter, (9-cm diam.) containing two layers of filter paper (9-cm diam., 1996). The main breakdown products at pH 7 are ITCs Macherey-Nagel), moistened with 8 mL of distilled water and (Bones and Rossiter, 1996) , which are phytotoxic (Fen-50 seeds of the test species were placed on the filter paper. For different concentrations the hydrophobic ITCs were initially dissolved in methanol and then known amounts of the metha- nonlinear regression analysis (Streibig, 1988) . To cope with Germination percentages were evaluated for smooth pigweed.
inhomogeneous variances, a weighting procedure by using At the bottom of the jars two layers of filter paper (11-cm inverse SD was applied (Michel et al., 1999) . The assumption diam.) were moistened with 10 mL of distilled water and 50 of parallel dose-response curves was tested by an F-test (Seeseeds were put in. In the center of each filter paper a glass feldt et al., 1995) . stopper with a 2.7-cm diam. glass fiber paper (Schleicher & Schuell) was placed (Fig. 1) . The test compounds were applied on the glass fiber paper, which was taped to the glass stopper.
Analysis of Isothiocyanates
2-Phenylethyl and n-butyl-ITC were dissolved in methanol A method was developed to extract and analyze ITCs in soil and tested in different amounts (6.25-2000 g) per glass jar.
and plant tissues. To avoid losses during the sample extraction Finally, the jar was closed with a glasscover and sealed with process, the ITCs were converted to their corresponding parafilm. Due to the high vapor pressure of the compounds amines by alkaline hydrolysis. Therefore, plant material was (Ͼ1 hPa, 25ЊC) the ITCs volatilized rapidly. The same amount homogenized in 0.1 M NaOH using an Ultra Turrax (Janke & of methanol was applied to each treatment. Test parameters Kunkel). After this step each sample was divided in two suband climatic conditions were the same as mentioned above.
samples. The subsamples were extracted separately and anaEach treatment was repeated five times. lyzed, and mean was calculated. Because of complex extraction To describe the sensitivity of different species to ITCs, method replications, and statistical analysis could not be conanother germination test in petri dishes was performed. Differducted. The samples (soil 50 g; plant tissue 0.25-5 g) were ent dosages (1-100 mg L
Ϫ1
) of methyl-ITC were tested on six added into a 2-L retort and 1 L of distilled water, 5 mL of species (smooth pigweed, blackgrass, barnyardgrass, scentless 10 M NaOH, and 100 L of silicone antifoaming emulsion mayweed, spiny sowthistle, and 'Toronto' winter wheat), and (Roth) were added. The whole mixture was heated to convert after 7 d the germination percentages were determined.
the ITCs to the corresponding amines, which were depleted An additional germination test was performed using the by steam extraction for 30 min. Steam was conducted through field soil samples. The samples were taken 1 wk after incorporation of the turnip-rape mulch. The soil (0-10 cm depth) was a gradient of 25% acetonitrile and 75% of 10 mmol phosphatebuffer (pH 2.4) for 24 min, followed by 100% acetonitrile † With, turnip-rape mulch incorporated into the soil. Without, turnip-rape mulch on the soil surface.
for an additional 14 min. Injection volume was 30 L. The ‡ ITC, amount in fresh turnip-rape mulch (Calculated per kg soil Ϫ Inidabsylchloride derivates were detected at 275 nm. dolyl-ITCs were not detected. This could be due to different B. rapa ssp. and different growth stages when High Performance Liquid Chromatography samples were taken.
Conditions
The ITCs were quantified using external standards in three different concentrations. Each standard concenHigh performance liquid chromatography was performed tration was analyzed four times. In Table 1, to uncontaminated soil (where no Brassicaceae had tration, the method is sufficient for determination of grown), and analyzed after 2, 8, 24, and 48 h (Fig. 2) . differences in ITC content.
Because n-butyl-ITC is sensitive to hydrolysis and is Table 2 shows the average of plant dry weight and very volatile, only 5% of the initially applied amount average ITC content for the different parts of the plant.
could be recovered after 2 h. In comparison to n-butyl, The plant samples were taken immediately before the 2-phenylethyl-ITC is less sensitive to hydrolysis and less turnip-rape was cut off (flowering stage of the plants).
volatile. Therefore, the disappearance time DT 50 for The total ITC content was 463 mg m Ϫ2 . The main com-2-phenylethyl-ITC in soil was about 16 h and for n-butylponent was 2-phenylethyl-ITC (190.9 mg m Ϫ2 ), followed ITC Ͻ1 h. Disappearance of the ITCs was promoted by n-butyl (130.2 mg m Ϫ2 ), and butenyl-ITC (90.4 mg by water-saturated soil and high temperatures (30ЊC). m Ϫ2 ). While 2-phenylethyl-ITC was the main compound Thus, only small amounts of the compounds could be in the tap root, the shoot mainly contained n-butyl and quantified in the soil samples. Under field conditions, butenyl-ITC. Younger leaves, flowers, and buds also the disappearance might be slower than in our laboracontained small amounts of benzyl (38.5 mg m Ϫ2 ) and tory test system. However, results of Brown and Morra allyl-ITC (12.6 mg m Ϫ2 ). 
Isothiocyanates in Soil Samples
in soil temperature and soil moisture content are the Results indicate that there is a high potential for the most important factors (Borek et al., 1995) . Not very release of ITCs after incorporating turnip-rape mulch clear is the importance of microorganisms for breakinto the soil (Table 2) . Consequently, the next step was down of ITCs in the soil (Borek et al., 1995) . However, to quantify the ITC content in the turnip-rape soil. To results of Parthipan and Mahadevan (1994) showed that describe the dynamics of the ITC releasing process, soil soil mircoorganisms are sensitive to methyl-ITC, indisamples were taken 7, 15, and 28 d after mulch incorpocating that other factors than microbiological activity of ration. Soil samples contained only low concentrations the soil are of greater importance. of ITCs (Table 3) . Butenyl, n-butyl, and mainly 2-phenylWith our analytical method we were able to detect ethyl-ITC could be identified. But, there was no obvious the biological active ITCs (main reaction, see Fig. 3 ). relationship between ITC concentration and sampling However, it would be important to determine the time, and there was no effect of tillage on ITC concentraamount of glucosinolates from which the ITCs develop. tion. The maximum concentration (200 g kg Ϫ1 ) was Therefore, the conversion rate of a glucosinolate (sinifound at the first sampling date; however, this concengrine, Lancaster Synthesis) to the corresponding ITC tration was about 2300 times less than in fresh turnip-(allyl-ITC) was investigated using alkaline hydrolysis rape tissues.
( Table 4 ). The rate of the side reaction of sinigrine The difference in the ITC content between plant mato allyl-ITC by alkaline hydrolysis was about 11.6% terial and soil samples results primarily from the dilution compared with the theoretically max amount. When the enzyme myrosinase [myrosinase from white mustard of ITC after incorporation in the soil, and volatilization and hydrolyzation of the compounds. To estimate degra-(Sinapis alba L.), Sigma-Aldrich] was added (reaction time 30 min at pH 6.0, phosphate-buffer) before the dation and disappearance of ITCs in the soil, defined amounts of n-butyl and 2-phenylethyl-ITC were added alkaline hydrolysis, the conversion rate increased to 60%. It is assumed that the total amount of ITCs rewhile that of scentless mayweed and of spiny sowthistle leased from turnip-rape mulch was 5 to 10 times higher decreased (Table 5) . than the concentrations given in Table 2 . HomogenizaThe susceptibility to methyl-ITC to different species tion of the fresh plant samples were done under alkaline depended on the seed size [Хthousand seed mass conditions. Under these conditions plant myrosinase (TSM), Table 6 ]. Smaller seeds tended to be more sensicould not work. Consequently, most of the interesting tive. Consequently, spiny sowthistle was the most sensicompounds were glucosinolates and not ITCs, when tive and wheat the most resistant species (Table 6) . starting the extraction.
The effect of different ITCs on the germination percentage of smooth pigweed showed parallel dose-
Effect of Isothiocyanates on Seed
response relationships (Fig. 4) . This indicates, that all
Germination/Emergence
ITCs have the same mode of action. The primary targets for the biological action of ITCs are the enzymes of The bioassay with the field soil samples, where turglycolysis and respiration (Drobnica et al., 1977) . The nip-rape was grown, showed that turnip-rape mulch slope arround ED 50 of the dose-response relationship is residues on the soil surface did not influence seed emervery steep, which indicates the effects of ITCs increases gence. When the mulch was incorporated into the soil, the emergence percentage of smooth pigweed increased, rapidly, if a certain concentration is exceeded. Methyl- ITC is the most reactive compound and n-butyl-ITC is that less or no additional herbicides are necessary. However, results of Al-Khatib et al. (1997) showed that some more than 20-fold less active. Dose-response relationships of the aryl-ITCs (benzyl and phenylethyl-ITC) weed species still germinate after incorporation of green Brassica mulch, and as a consequence, additional weed showed no significant difference. However, within the alkyl-ITC, the activity decreased due to increased mocontrol methods are required. In regions where winter crops are grown, cover crops lecular mass. Because each ITC has only one reactive NCS-group, the reactivity decreased because of increascan be integrated into crop rotation easily. Particularly winterhardy cover crops, e.g., turnip-rape, can be grown ing alkyl chain length. The aryl-ITCs do not behave in the same manner, because they are more stable in before late-planted crops [e.g., maize (Zea mays L.)] in the spring. In this case, not only weed suppression but aqueous solutions and can remain biologically active over a longer period of time.
also reduced soil erosion and leaching of nutrients, and suppression of some soil-borne diseases can be achieved In contrast to Bialy et al. (1990) , we found much lower active concentrations of ITCs. This could be due to (Mithen, 1992; Angus et al., 1994) . Results of field trials showed that maize growth and yield was not influenced the fact that we used methanol (0.4%) to improve the solubility of ITCs, while Bialy et al. (1990) used ether by turnip-rape grown before as cover crops. However, weed density in the maize was reduced compared with as solvent. In both solvents ITCs are completely soluble, but methanol is the better negotiator between water a control without cover crop (Petersen, 1999, p. 43-50) . It seems that the potential of cover crops to release and ITCs.
Low ITC concentrations delayed germination, but the ITCs has been overlooked as a tool in integrated crop production. ungerminated seeds were still viable (results of conducted tetrazolium tests not shown). Consequently, low ITC concentrations can induce secondary seed dor- ITC is more effective in the vapor phase than in aqueous 194-208. solution. However, with 2-phenylethyl-ITC it was the Borek, V., M.J. Morra, P.D. Brown, and J.P. McCafferey. 1995. Transformation of the glucosinolate-derived allelochemicals allyl isothioopposite. This can be explained by the higher volatilizacyanate and allylnitril in soil. J. Agric. Food Chem. 43:1935 -1940 tion rate of n-butyl compared with 2-phenylethyl-ITC 
